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One surprising result in relativistic heavy-ion collisions is that the abundance of various particles
measured in experiments is consistent with the picture that they reach chemical equilibrium at a
temperature much higher than the temperature they freeze out kinetically. Using a multiphase
transport model to study particle production in these collisions, we find that the above result is due
to the constancy of the entropy per particle during the evolution of the hadronic matter from the
chemical to the kinetic freeze-out. We further use a hadron resonance gas model to illustrate the
result from the transport model study.
PACS numbers: 25.75.-q, 24.10.Lx, 24.10.Pa
The statistical model, which assumes that the abun-
dance of particles produced in relativistic heavy-ion col-
lisions or their chemical freeze-out is determined before
the hadronic matter freezes out kinetically, has been very
successful in describing the yields of particles measured
in experiments. For heavy-ion collisions at the top en-
ergy of the Relativistic Heavy Ion Collision (RHIC) and
the Large Hadron Collider (LHC) [1–3], the chemical
freeze-out temperature extracted from the experimental
data using the statistical model is around 160 ∼ 170
MeV and is similar to the critical temperature of the
hadron-quark phase transition from lattice QCD calcu-
lation [1–4]. Although it is not known if the chemical
freeze-out temperature in the collision energy regime of
the RHIC Beam-Energy Scan (BES) program, which is
around 140 ∼ 160 MeV, coincides with the hadron-quark
phase boundary, relativistic heavy-ion collisions provide
the only possibility to map out experimentally the phase
diagram of the strong-interacting matter in the temper-
ature (T ) - chemical potential (µ) plane [5]. Since the
chemical freeze-out temperature is much higher than that
for the kinetic freeze-out, which is around 100 ∼ 120 MeV
from the blast-wave fit to experimental transverse mo-
mentum/mass spectra [6, 7] and slightly decreases with
increasing collision energy, to maintain the same relative
abundance among various particles requires non-unity
values for their fugacities as the hadronic matter expands
and cools from the chemical freeze-out temperature Tch
to the kinetic freeze-out temperature Tkin.
To study the origin of early chemical freeze-out, we
use a multiphase transport model (AMPT) [8], which has
been widely used as a theoretical tool or an event gen-
erator for relativistic heavy-ion collisions. In this model,
the initial-state information is generated by the Heavy-
Ion Jet INteraction Generator (HIJING) model [9], which
is an extension of the PYTHIA model [10] for proton-
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proton collisions to nucleus-nucleus collisions. In the
string melting version of AMPT, which is employed in
the present study, all the hadrons produced from HI-
JING are converted into their valence quarks, and the
dynamics of these quarks is described by Zhang’s Parton
Cascade (ZPC) model [11]. The parton scattering cross
section is set to be 1.5 mb, which has been shown to
reproduce reasonably well the experimentally measured
collective flow in relativistic heavy-ion collisions [12]. The
freeze-out of partons is determined by their last scatter-
ings. Hadrons are then formed from a spatial coales-
cence mechanism with their species determined by the
flavors and invariant mass of their constituent quarks.
To reproduce reasonably the empirical energy density
and/or temperature near hadronization, we remove the
additional hadron formation time of 0.7 fm/c, which was
previously introduced to reproduce the hadron multiplic-
ities at midrapidities [8], except the usual one given by
E/m2
T
in terms of the energy E and transverse mass mT
of the hadron. The evolution of the hadronic phase is
described by a relativistic transport (ART) model [13]
that includes various hadron species as well as elastic,
inelastic, and decay channels among these hadrons. The
empirical energy dependence of the scattering cross sec-
tions, the Breit-Wigner mass distribution of resonances,
and the mass dependence of the decay width are properly
taken into account by satisfying the detailed balance con-
dition, as described in Refs. [8, 13]. The frequent scatter-
ings among hadrons are helpful to maintain the thermal
equilibrium in the hadronic phase. In the present work
we study central Au+Au collisions at center-of-mass en-
ergy
√
sNN = 200 and 7.7 GeV, corresponding to the
top RHIC energy and a typical lower collision energy at
the RHIC-BES program where the partonic phase is less
dominant. A total number of 100 and 1000 events are
generated at
√
sNN = 200 GeV and 7.7 GeV, respec-
tively.
To give a general picture for particle production in the
hadronic phase, we show in Fig. 1 the time evolution of
the total number of particles and their formation rate
in central Au+Au collisions from the AMPT model. It
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FIG. 1: (Color online). Time evolution of the total number
of particles (a) and their formation rate (b) in the hadronic
phase of central Au+Au collisions at
√
sNN = 200 and 7.7
GeV.
is seen that the total number of hadrons increases with
time due to the continuous production of hadrons from
quark coalescence as well as inelastic and decay channels
in the hadronic phase. The different production times of
hadrons from quark coalescence are a result of different
quark freeze-out times from their last scatterings. Al-
though the final hadron number is much larger at 200
GeV than at 7.7 GeV, hadrons are mostly formed at ear-
lier times at lower collision energies due to the shorter
lifetime of the partonic phase.
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FIG. 2: (Color online). Time evolution of the entropy per par-
ticle (S/A) and the effective pion/nucleon ratio (πlike/Nlike)
in the hadronic phase of central Au+Au collisions at
√
sNN =
200 (a) and 7.7 GeV (b).
The continuous production of hadrons makes it not
possible to define unambiguously the chemical freeze-out
time. Instead, we consider the phase-space distribution
in the hadronic matter at different times. The resulting
time evolution of the effective pion/nucleon ratio is shown
by filled squares in Fig. 2 for collisions at both 200 GeV
(left panel) and 7.7 GeV (right panel). In calculating the
effective pion/nucleon ratio, we include those from the
strong decays of resonances. Specifically, the pion-like
particles are pions, ∆ and N∗ resonances, ρ mesons, ω
mesons, η mesons, K∗ mesons, and their antiparticles,
while the nucleon-like particles are nucleons and their
resonances ∆ and N∗.
Since entropy is a thermodynamical quantity that con-
tains information on both the number of degrees of free-
dom in a system and its degree of thermal equilibration,
it is of interest to study this quantity in the hadronic
phase of AMPT. Like the viscous effect in hydrodynamic
description of heavy-ion collisions [14–17], entropy is pro-
duced in AMPT from scattering and production of parti-
cles. However, more entropy is expected to be produced
in hadronic matter than in partonic matter because of
its significantly larger specific viscosity [18]. Based on
the thermal model, it has been shown that the entropy
per particle in intermediate-energy heavy-ion collisions
is related to the deuteron/proton ratio [19, 20]. There-
fore, the entropy per particle and relative abundance of
particle species in heavy-ion collisions are believed to be
related, with the latter often used to extract the infor-
mation about the former [21, 22]. However, the relation
between the entropy per particle and the relative abun-
dance of particles has so far been studied under the as-
sumption that the system is in chemical equilibrium.
In the AMPT, the entropy can be calculated using the
phase-space distributions fi(x,p) of particle species i as
in Refs. [23, 24], i.e.,
S = −
∑
i
gi
∫
d3xd3p
(2π)3
[fi ln fi ± (1∓ fi) ln(1∓ fi)], (1)
with gi being the spin degeneracy of a hadron. For fi
in the above equation, it is evaluated from counting the
number of particles in a local six-dimensional phase-space
cell. The size of the phase-space cell is carefully chosen to
be small but include sufficient number of particles after
averaging over all events [24]. We use spherical coordi-
nates for both position and momentum and divide the
phase space into cells. Because of the symmetry in the
azimuthal angle for central collisions, the dimension in
the phase-space coordinate is reduced. We further intro-
duce a momentum cut of |p| < 4 GeV/c in obtaining the
results in Fig. 2 since low-momentum particles dominate
at midrapidities. It is seen from Fig. 2 that the entropy
per particle and the effective pion/nucleon ratio decrease
at the early stage of the hadronic phase, and both be-
come approximately constants at later stage. This be-
havior is similar to that observed in Ref. [23], where
both the pion/nucleon ratio and the entropy per par-
ticle remain constant after the most compressed stage in
intermediate-energy heavy-ion collisions. Although this
result seems to be consistent with the argument that the
entropy per particle is related to the relative abundance
of particle species at and after chemical freeze-out [19–
22], we will show later that the constant entropy per par-
3ticle and the constant effective pion/nucleon ratio cannot
be achieved simultaneously unless the system becomes
out of chemical equilibrium in later stage. However, we
can still define the chemical freeze-out time, which is
about 8 fm/c at
√
sNN = 200 GeV and about 6 fm/c
at 7.7 GeV, indicated in Fig. 3 by filled squares and cir-
cles, respectively, after which the effective pion/nucleon
ratio remains essentially unchanged. It is also seen that
it takes a longer time to reach chemical freeze-out at 200
GeV than at 7.7 GeV, and this is due to the earlier pro-
duction of hadrons at lower collision energies as shown in
Fig. 1.
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FIG. 3: (Color online). Time evolution of the energy density
ǫ and the net baryon density ρB (a) in the central sphere of
radius r = 5 fm in the hadronic phase of central Au+Au col-
lisions at
√
sNN = 200 and 7.7 GeV as well as the extracted
temperature (b) from the hadron resonance gas model. Filled
squares and circles indicate the time after which the effec-
tive pion/nucleon ratio and the entropy per particle remain
approximately constant.
Results from AMPT, which does not assume thermal
and chemical equilibrium, can be qualitatively under-
stood in terms of the hadron resonance gas model that in-
cludes all the hadron species in the ART/AMPT model.
For such a system containing non-interacting hadrons,
the number density ρ, the energy density ǫ, and the en-
tropy density s can be respectively expressed as [25, 26]
ρ =
∑
i
gi
∫
d3p
(2π)3
fi, (2)
ǫ =
∑
i
gi
∫
d3p
(2π)3
fi
√
m2
i
+ p2, (3)
s = −
∑
i
gi
∫
d3p
(2π)3
[fi ln fi ± (1∓ fi) ln(1∓ fi)],(4)
with mi being the mass of hadron species i. The occu-
pation number of hadrons in momentum is given by
fi =
1
λi exp[(
√
m2
i
+ p2 − µi)/T ]± 1
, (5)
where µi = BiµB + Ciµc is the chemical potential of
particle species i, with Bi and Ci being its respective
baryon and charge numbers, µB and µc being its respec-
tive baryon and charge chemical potentials, and λi is the
fugacity that takes into account the possible violation of
chemical equilibrium. In the above equations, the up-
per signs are for Fermions and the lower signs are for
Bosons. The charge chemical potential µc is determined
by the charge conservation condition ρc/ρB = 79/197 for
Au+Au collisions, with the charge density ρc and the net
baryon density ρB calculated similarly as Eq. (2). The
entropy per particle S/A from the hadron resonance gas
model is s/ρ. Including the same pion-like and nucleon-
like particles as in the AMPT calculations and assuming
that they are in separate chemical equilibrium, their fu-
gacities can be written as λi = λ
zN
N
λzpi
pi
, where zN (zpi)
is the effective nucleon (pion) number. For instance, we
have zN = 1 and zpi = 1 for ∆ resonances, and zN = 0
and zpi = 2 for ρ mesons.
We first evaluate the energy density ǫ and the net
baryon density ρB in the central sphere of the hadronic
phase in AMPT, and the results are shown in the upper
panel of Fig. 3. We then use the hadron resonance gas
model to obtain from ǫ and ρB the temperature, and its
time evolution is shown in the lower panel of Fig. 3. The
highest energy density of about 0.65 GeV/fm3 is seen to
correspond to the highest temperature of about 152 MeV,
which are similar for collisions at both
√
sNN = 200 and
7.7 GeV. The chemical freeze-out temperature Tch is 141
MeV at 200 GeV at about t = 8 fm and 134 MeV at 7.7
GeV at about t = 6 fm, which are slightly lower than
those extracted from the experimental data based on the
statistical model [1, 2, 6, 27, 28].
Using an initial state that is in chemical equilibrium
with its thermodynamical properties given by filled sym-
bals in Fig. 3, we have studied the evolution of the en-
tropy per particle, the effective pion/nucleon ratio, the
volume expansion rate, and the fugacities of pion-like
and nucleon-like particles as the system cools down in
a hadron resonance gas model from three different sce-
narios. In the first scenario shown by filled triangles in
Fig. 4, we find that although it is possible to keep the
constant effective pion/nucleon ratio by adjusting the
volume expansion rate of the hadronic matter, the en-
tropy per particle decreases as the system cools down.
In the second scenario shown by filled circles in Fig. 4,
we find that it is possible to keep the entropy per particle
a constant with a slower volume expansion rate, but the
effective pion/nucleon ratio decreases. To keep both the
entropy per particle and the effective pion/nucleon ratio
constant as in Fig. 2 from the AMPT model, it is nec-
essary to introduce non-unity values for the fugacity pa-
rameters. Here we assume that all pion-like and nucleon-
like particles are not in chemical equilibrium while their
effective numbers remain the same after initial chemical
freeze-out. It is seen from the solid lines in Fig. 4 that in
this third scenario the system becomes increasingly out
of chemical equilibrium during its expansion and cooling
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FIG. 4: (Color online). Evolution of the entropy per particle
(first row), the effective pion/nucleon ratio (second row), the
volume expansion rate (third row), and the fugacities for pion-
like and nucleon-like particles (bottom row) as the hadron
resonance gas cools with its volume expansion rate and/or the
values of particle fugacities varied to keep a constant effective
pion/nucleon ratio (filled triangles), a constant entropy per
particle (filled circles), or the constancy of both (solid lines).
See text for details.
as indicated by increasing nucleon and decreasing pion
fugacities away from unity.
To summarize, we have investigated the chemical
freeze-out condition in relativistic heavy-ion collisions
based on a multiphase transport model. Despite the con-
tinuous production of hadrons, the chemical freeze-out
time can be determined when the effective pion/nucleon
ratio becomes a constant. The latter is also found to be
accompanied by a constant entropy per particle. Start-
ing from the chemical freeze-out state in the AMPT
model, we have further studied the expansion and cool-
ing of the system using the hadron resonance gas model,
and found that only the scenario of an expanding and
cooling hadronic matter with non-unity fugacities can
lead to both constant entropy per particle and effective
pion/nucleon ratio. Our study shows that after chemi-
cal freeze-out in relativistic heavy-ion collisions, the sys-
tem is no longer in chemical equilibrium, but the statis-
tical model can still be used to extract the temperature
and chemical potential at chemical freeze-out since the
relative abundances of particle species remain constant
during later hadronic evolution. The present study thus
helps clarify our understanding of chemical freeze-out in
relativistic heavy-ion collisions, and validate the use of
the statistical model in mapping out the phase diagram
of the strong-interacting matter from relativistic heavy-
ion collisions.
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